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Plants undergo alternation of generation in which reproductive cells develop in the plant body (‘‘sporophytic
generation’’) and then differentiate into a multicellular gamete-forming ‘‘gametophytic generation.’’ Different
populations of helper cells assist in this transgenerational journey, with somatic tissues supporting early
development and single nurse cells supporting gametogenesis. New data reveal a two-way relationship
between early reproductive cells and their helpers involving complex epigenetic and signaling networks
determining cell number and fate. Later, the egg cell plays a central role in specifying accessory cells,
whereas in both gametophytes, companion cells contribute non-cell-autonomously to the epigenetic land-
scape of the gamete genomes.Introduction
Plants alternate between two generations—one haploid and the
other diploid. In flowering plants, the main plant body forms the
‘‘sporophytic’’ generation, within which highly reduced male and
female ‘‘gametophyic’’ generations develop. The male gameto-
phyte constitutes the bi- or tricellular pollen grain that is released
from the parent plant, whereas the female multicellular embryo
sac remains in situ. As implied by the name, the gametophyte
generates the gametes, two sperms in the male pollen and
a single egg in the female embryo sac. Plant reproductive cell
lineages thus span two generations, commencing in the sporo-
phyte when cells in the male and female sex organs (stamens
and carpels, respectively) enter meiosis (see Figure 1) and termi-
nating in the gametophyte with the formation of gametes (Feng
and Dickinson, 2007, 2010b).
Importantly, development of male and female gametes does
not occur in isolation. The formation of meiocytes, gameto-
phytes, and gametes requires the active presence of neigh-
boring helper cells. Recent data on the interaction between
reproductive cell lines and these largely somatic helper popula-
tions highlight not only the complexity of this relationship and the
significance of the events it regulates but also its two-way
nature. Plant reproductive development thus mirrors that of
animals, where the development of viable gametes relies on
interactions between soma and germline, for example, between
Sry-expressing Sertoli cells and themale germline, preventing an
‘‘egg’’ developmental pathway from being followed (Goodfellow
and Lovell-Badge, 1993). It is also evident that certain functions
vital for protecting transgenerational genome integrity in animal
germ cells, such as the suppression of transposition in the
germ cell genome (Maatouk et al., 2006), has been partially ‘‘out-
sourced’’ to gametophytic helper cells in plants.
Depending on their sex and their stage of development, plant
reproductive cell lineages are associated with different support-
ing cell populations (see Box 1 and Figure 1). In the stamen, male
meiotic cells are invested by a layer of sporophytic (somatic) ta-
petal cells, which are essential for postmeiotic development and,
particularly, the synthesis of the sporopollenin pollen wall and itscoating. In addition to this contribution from the tapetum, the
male germline, first in the form of the generative cell and later
as the sperms, is supported by the vegetative cell, which acts
as a ‘‘companion cell’’ in subsequent development. Events
within individual ovules of the female carpel follow a similar
pattern, with the megaspore mother cell and the one functional
meiotic product requiring the presence of a normal nucellar layer
for correct development. Once the cells of the embryo sac are
formed, their correct positioning, division, and specification
results from a complex interplay involving hormone gradients
and interactions between the egg and other cells of the embryo
sac. Here, as in the pollen, there is evidence that gametophytic
central cell acts as a companion cell to the egg, first within the
gametophyte and subsequently after fertilization, where it gives
rise to the endosperm (Box 1).
That helper cells exert control over the reproductive cell line
development is not surprising; however, evidence is accumu-
lating that germ cells themselves regulate development of their
helper populations in a complex two-way conversation, extend-
ing from the beginnings of the reproductive cell lineage in the
sporophyte to the maturation of the gametes within the gameto-
phyte.
Early Interactions between Nurse Cells and the
Reproductive Lineage
After the transition of the apex from vegetative to reproductive
growth, reproductive cell lines of flowering plants are initiated
in sex-specific lateral organs, the stamens and carpels. In the
stamen, a series of cell proliferation and specification events
results in the formation of four elongated ‘‘locules,’’ each con-
taining a central core of male meiocytes invested by a number
of cell layers (Figures 2A and 2B). The layer immediately adjacent
to the meiocytes, the tapetum, is formed of active secretory
‘‘nurse’’ cells. In the carpel, a single female meiocyte develops
within each ovule, surrounded by a relatively undifferentiated
nucellar layer and also with presumed nutritive function.
Although many elements of very early stamen and carpel devel-
opment are common to other lateral organs (Feng andDevelopmental Cell 24, February 11, 2013 ª2013 Elsevier Inc. 215
Figure 1. Male and Female Reproductive
Cell Lineages in Arabidopsis thaliana
Development of the male pollen and the female
embryo sac from the male and female meiocyte
precursors. The male cells require the presence of
tapetal nurse cells until the early gametophyte
stage, whereas the nucellus supports the female
lineage throughout development. The plant true
germline (shown in red) is short, extending from
the generative cell to the sperms in the male and
comprising only the egg cell in the female. In this
Review, we refer to the male vegetative cell and
female central cell (both shown in green) as
‘‘companion cells,’’ in view of their potential roles
in reinforcing transponson silencing in their
neighboring germ cells (Figure 4). See also Box 1.
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bidopsis thaliana commences with the activity of the stamen
and carpel identity gene AGAMOUS(AG). AG operates via quad-
ripartite complexes comprising MADS-box transcription factors
including SEPALLATA1-3 (SEP1-3). APETALA3 (AP3) and
PISTILLATA (PI) are specifically expressed in stamens and
SEEDSTICK (STK) and SHATTERPROOF (SHP) 1 & 2 in carpels
(reviewed in Castillejo et al., 2005). A direct downstream target of
AG, the transcription factor SPOROCYTELESS (SPL) (Ito et al.,
2004), is required for the ‘‘installation’’ of the reproductive cell
lineages and their nurse tissue layers in dicots (Figures 3A and
3B). SPL appears not to play this role in monocots, and data
from maize points to male reproductive cell specification as
being contingent on the development of hypoxia (Kelliher and
Walbot, 2012) (Figure 3A), an interpretation supported by data
from rice showing transition from somatic to reproductive cell
lines to be regulated by a putative glutaredoxin, which may itself
be sensitive to cellular redox poise (Hong et al., 2012). Whether
female development in monocots involves such a system
remains unknown. There is no doubt that plant hormones,
including auxins, ethylene, and cytokinins, play important roles
in stamen (Cecchetti et al., 2008; Feng et al., 2006) and carpel
(Bencivenga et al., 2011) development. However, apart from
a very defined role for auxin in specifying embryo sac cell fates216 Developmental Cell 24, February 11, 2013 ª2013 Elsevier Inc.(Sundaresan and Alandete-Saez, 2010;
see below), current data suggest that
hormone flow and gradients coordinate
development at a global level, rather
than functioning as cell-to-cell signals.
Intercellular signaling plays a key part
in specifying the fates and numbers of
the meiocytes and their surrounding cells
in Arabidopsis stamens. First, a border is
delimited between the reproductive
and somatic cell masses through the
interaction of SPL with the Leucine-Rich
Repeat Receptor-Like Kinase (LRR-
RLK) BARELY ANY MERISTEM (BAM)
1 & 2 (Hord et al., 2006) (Figure 2A). A
complex pathway of signaling interac-
tions then both regulates the number of
cells entering the meiotic pathway and
specifies tapetal fate. Key features ofthis pathway are an LRR-RLK complex comprising EXCESS
MICROSPOROCYTES1 (EMS1, also known as EXTRA
SPOROGENOUS CELLS [EXS]) (Canales et al., 2002; Zhao
et al., 2002), SOMATIC EMBRYOGENESIS RECEPTOR LIKE
KINASE 1 or 2 (SERK 1/2) (Albrecht et al., 2005; Colcombet
et al., 2005), and a putative ligand TAPETAL DETERMINANT1
(TPD1) (Jia et al., 2008; Yang et al., 2005). ems1 and tpd1
mutants and serk1 & 2 double mutants all possess similar
phenotypes, with no tapetum and excess meiocytes. TPD1 is
expressed most strongly in the reproductive cell mass and the
current model holds that it is secreted at the interface between
the outer somatic and inner reproductive cells, where it acts to
specify tapetal fate in the somatic layer adjacent to the meiocyte
mass (Yang et al., 2005) (Figure 3A). How this is achieved is
unclear, for a model in which the default fate for these ‘‘outer’’
cells is as meiocytes (Zhao et al., 2002) does not easily fit with
the observation that tapetal precursor cells exist in a semidiffer-
entiated form in ems1 mutants and that ectopic expression of
EMS1 results in their proliferation and development into a func-
tional tapetum (Feng and Dickinson, 2010a). These data point to
the presence of early defined tapetal and meiocyte lineages in
dicots and indicate that the extra meiocytes result from prolifer-
ation of the germ cell mass in the absence of a tapetum, rather
than from a somatic cell layer reverting to a default meiocyte
Box 1. Male and Female Reproductive Cell Lineages in Plants
The flowering plants are classified into two major groups; the
monocotyledons (monocots) include the grasses and the
principal cereal crops, while the dicotyledons (dicots)
comprise crops including the brassicas, many root crops,
and the model plant Arabidopsis thaliana (Arabidopsis).
Although monocots and dicots differ significantly in somatic
development, many elements of reproductive cell specifica-
tion are common to both groups.
After meiosis in the stamen, the four haploid products of
the male lineage (‘‘microspores’’) each undergo an asym-
metric mitosis (pollen mitosis 1) to form a small generative
cell (GC) and a larger vegetative cell (VC). The generative
cell undergoes a second mitosis (either in the stamen or in
the growing pollen tube after fertilization) to form the two
sperms. There is great variety in embryo sac development
within the ovules of the flowering plants (Rutishauser,
1969), but in Arabidopsis and most monocot crops, three of
the four linear products of meiosis degenerate, and the
surviving haploid ‘‘megaspore’’ divides three times to form
the cells that populate the embryo sac—the single egg, two
synergid cells that receive the pollen tube, two polar nuclei
that later fuse to form the large diploid central cell, and
a species-specific number of antipodal cells, which are
held to be secretory. After pollination the VC, in the form of
a tube, extends down the style and delivers the sperms to
the ovule. Double fertilization then occurs; the pollen tube
enters the female synergid and releases the sperms, one of
which fertilizes the egg to form the embryo, while the other
fuses with the diploid central cell to form the triploid endo-
sperm, which accumulates maternal resources for subse-
quent transfer to the developing embryo.
The concept of a ‘‘germline’’ is unhelpful when applied to
plants because the only cells that exclusively contribute to
the gametes are the generative cells (and later sperms) of
the pollen and the egg itself in the embryo sac. For this
reason, we also use here the terms ‘‘reproductive cell
lineage’’ and ‘‘germ cells’’ to define populations of cells
that differentiate first into meiocytes, then into gameto-
phytes, and subsequently into gametes. See also Figure 1.
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from the meiocytes, TPD1 binds to the EMS1-SERK1/2 complex
(Jia et al., 2008) at the surface of tapetal founder cells and acti-
vates downstream targets that both stimulate tapetal prolifera-
tion and limit sporocyte proliferation (Figure 3A), the latter
possibly through a process analogous to that of CLAVATA3
(CLV3) in meristems (Feng and Dickinson, 2010a). The require-
ment for TPD1 by the founder cells of the tapetal lineage also
shows it to act as a developmental checkpoint confirming the
successful formation of a reproductive cell mass (Feng andDick-
inson, 2010a). Thepresenceof early established cell lineages and
developmental checkpoints, commonly features of animal rather
than plant development, reveals that when constancy of shape
size andcell number are required, suchas in theanther, thedeter-
mination of fate by position—assumed as default for most plant
tissues—may provide insufficient developmental ‘‘rigor’’.The difference between cell numbers in the stamens of Arabi-
dopsis andmaizemakes comparisons of early development diffi-
cult. There is, however, a high level of conservation in the mech-
anisms specifying the fates of the somatic cell layers surrounding
themeiocytes. Inboth rice andmaize,mutations in a small protein
homologous to TPD1 (TDL1A in rice, MAC1 in maize) result in
excess microsporocytes and loss of the surrounding somatic
cell layers (Wang et al., 2012; Zhao et al., 2008) (Figure 3A). The
same phenotype is shared by the rice mutant of MSP1, which
encodes an EMS1 homolog binding TDL1A (Nonomura et al.,
2003; Zhaoet al., 2008). Detailed study ofmaize earlymale devel-
opment recently showed that MAC1 is expressed and secreted
by meiocyte precursors and acts not only as a suppressor of
proliferation in this cell population but also as an activator of
cell proliferation in the adjacent somatic cell layers (Wang et al.,
2012), a similar role to that played by TPD1 in Arabidopsis (Fig-
ure 3A). The ZmMAC1/OsTDL1A/AtTPD1 proteins thus emerge
as playing a central and non-cell-autonomous role in promoting
the divisions of somatic cell layers adjacent to germ cell lineages
through their interaction with OsMSP1/AtEMS1-like LRR-RLKs
(Wang et al., 2012). In turn, the development of these somatic
nurse cell layers can restrict the proliferation of the reproductive
cell population (Feng and Dickinson, 2010b).
Less information is known about ovule development
(Figure 2C), but study of ovule-defective mutants has revealed
gametophytic development to be largely dominated by the
sporophyte (Bencivenga et al., 2011). However, bam1 and 2
mutations also affect ovule development in Arabidopsis
(DeYoung et al., 2006), and similarly the mac1 (Sheridan et al.,
1999) and tdl1a (Nonomura et al., 2003) mutants both have
increased numbers of megaspore mother cells (MMCs) in maize
and rice, respectively (Figure 3B). In Arabidopsis, mutations in
TPD1, EMS1, and also the other members of the EMS1 complex
are affected neither in MMC nor in nucellar cell number but, in
striking parallel to the induction of parietal cell proliferation in
maize by MAC1 and the divisions of tapetal founder cells stimu-
lated by TPD1 in Arabidopsis, overexpression of TPD1 in the
female results in proliferation of carpel wall cells in an EMS1-
dependent manner (Yang et al., 2005) (Figure 3B). Hence the
‘‘EMS1 LRR-RLK’’ pathway may operate both in the stamen
and ovule (Albrecht et al., 2005; Canales et al., 2002; Colcombet
et al., 2005; Yang et al., 2003) but with its effects masked in the
latter, possibly by gene redundancy (Figures 3A and 3B).
Nurse Tissues Regulate the Epigenetic Landscape
of Young Reproductive Cells
Epigenetic factors also participate in intercellular interactions
leading to the establishment of reproductive cell number and
fate in plants. In the place of the single MMC specified in the
ovule of wild-type Arabidopsis, multiple MMCs are formed in
argonaute 9 (ago9) mutants (Dura´n-Figueroa and Vielle-Calzada,
2010; Olmedo-Monfil et al., 2010). AGO9 is a reproductive
tissue-expressed homolog of AGO4 (Le Trionnaire et al., 2011),
which is constitutively expressed in the sporophyte and associ-
ates with 24 nucleotide (nt) small interfering RNAs (siRNAs) to
direct homology-based RNA-dependent DNA methylation
(RdDM) (Simon and Meyers, 2011). Importantly, AGO9 is not ex-
pressed in the MMC but in surrounding somatic nucellar cells,
leading to the proposition that siRNAs transferred to the MMCDevelopmental Cell 24, February 11, 2013 ª2013 Elsevier Inc. 217
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Figure 2. Cellular Development in the
Anther and Ovule of Arabidopsis
(Ai–Aiv) Formation of the three wall layers
(T, tapetum; M, middle layer; and EN, endothe-
cium) around the developing sporogenous cells (S)
within a single loculus of the Arabidopsis stamen.
(Ai) Reproductive development commences within
regions delimited by activity of the BAM1 & 2
transcription factors (R, blue circle). (Aii) Cells
adjacent to the sporogenous mass (S) commence
periclinal division (red double-headed arrows).
(Aiii) The outer product of this division develops
into the endothecium, while that adjacent to the
sporocytes divides again (red double-headed
arrows). (Aiv) The inner product of this division
differentiates into the tapetum and the outer into
reduced middle layer cells. (C, connective tissue;
EP, epidermis).
(B) Resin-embedded, toluidine blue-stained
transverse section of Arabidopsis anther loculi
showing the sporogenous tissue, the tapetal layer,
the reduced middle layer, the endothecium, and
epidermis; scale bar represents 15 mm.
(C) The simple organization of the megaspore
mother cell (MMC) of Arabidopsis located beneath
the epidermis of the developing ovule, surrounded
by nucellar cells (N); epidermis (EP).
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(Olmedo-Monfil et al., 2010). Consonant with this interpretation,
mutations in the RdDM pathway components DICER-LIKE3
(DCL3) and RNA-DEPENDENT RNA POLYMERASE2 (RDR2),
and trans-acting siRNA (tasiRNA) pathway components
SUPPRESSOR OF GENE SILENCING 3 (SGS3) and RDR6,
which typically direct posttranscriptional silencing (PTS),
generate ovular phenotypes identical to ago9 (Olmedo-Monfil
et al., 2010). AGO9 has been shown to process 24 nt RNAs
generated by centromeric transposable elements (TEs) and to
be required for heterochromatin silencing (Dura´n-Figueroa and
Vielle-Calzada, 2010). Significantly, TEs are found to be reacti-
vated in ago9 embryo sacs (Olmedo-Monfil et al., 2010)
(Figure 3B). A similar system operates in animal germlines where
25–32 nt Piwi siRNAs bind to Piwi proteins belonging to the AGO
family and direct de novomethylation to TEs to suppress replica-
tion and transposition (Aravin and Bourc’his, 2008; Juliano et al.,
2011). Importantly, although the data point to a role for RdDM in
regulating plant MMC differentiation, clear evidence for the non-
cell-autonomous TE silencing in these cells is awaited, as is
a mechanism linking TE silencing to MMC development.
Both male and female reproductive cell lineages undergo
meiosis to generate haploid spores that divide to form gameto-
phytes, and a large number of genes have been identified regu-
lating meiosis in Arabidopsis, many of them homologs of yeast
meiotic genes (Osman et al., 2011). Callase (a B-1,3-glucanase
that degrades callose) is synthesized by the tapetumand through
its action as an enzyme is required for the separation of the
meiotic products and definition of the complex pollen wall (Os-
man et al., 2011). The principal interactions currently known to
take place between the soma and germ cells at this time are,
however, epigenetic. The study of ago9 mutants in Arabidopsis
has identified a potential link between chromatin state, as regu-
lated by siRNAs, andmeiotic progression. In these lines, somatic
cells adjacent to the MMCs can acquire germ cell fate, generate218 Developmental Cell 24, February 11, 2013 ª2013 Elsevier Inc.unreduced gametes, and bypass meiosis, as occurs in nature in
some forms of apomixis (Olmedo-Monfil et al., 2010). Similarly,
mutation of maize AGO104, which has some similarity to Arabi-
dopsis AGO4 & 9 and is essential for non-CG methylation of
centromeric DNA, results in defective female meiosis with aber-
rant condensation and segregation of prophase 1 chromosomes
and the generation of functional, unreduced gametes (Singh
et al., 2011). Because both AGO9 andmaize AGO104 are not ex-
pressed in theMMCbut in surrounding nucellar tissue, the possi-
bility is again raised that transfer of mobile nucellar siRNAs to the
reproductive cells is required for TE methylation and perhaps
chromatin condensation—both of which may affect meiotic
progression (Figure 3B). Consistent with this idea, mutations in
the maize DNA methyltransferase genes DMT102 and DMT103,
the homologs of which are important for tranponson methylation
and silencing in Arabidopsis, halt progress through meiosis and
generate unreduced male gametes and multiple embryo sacs
(Garcia-Aguilar et al., 2010). A link between DNA methylation of
TEs and meiotic progression in plants is also consonant with
data from male germ cells in mice lacking DNMT3L, a protein
required for de novo DNA methylation. Here retrotransposons
become unmethylated and meiosis is arrested at prophase I
(Bourc’his and Bestor, 2004). Likewise, mutations at the mouse
PIWI locus result in TE hypomethylation and activation and the
arrest of meiosis at prophase I in the male germline (Carmell
et al., 2007; Kuramochi-Miyagawa et al., 2008). TE silencing
and/or the establishment of a specific heterochromatin state
may thus be essential for meiotic progression in multicellular
eukaryotes and perhaps determine whether cells follow a sexual
or apomictic developmental pathway.
Soma-Reproductive Cell Interaction Continues
Postmeiosis
Postmeiosis male and female developmental pathways diverge
significantly, with events in the ovule being driven principally
AB
Figure 3. Interactions between the Plant
Male and Female Reproductive Cell
Lineages and Their Helper Cells from Fate
Establishment until Gametophyte
Formation
(A) Phases of interaction between the male
reproductive lineage and surrounding cells. The
transition to reproductive development is stimu-
lated in monocots by anoxia and in dicots by SPL
expression. The specification and proliferation
(indicated by blue double-headed arrows) of the
tapetal layer involves an LRR receptor kinase
complex (including MSP1 in monocots [rice] and
EMS1 in dicots) and a signal peptide (TDL1A in
monocots [rice] and TPD1 in dicots) generated by
the meiocyte precursors. This signaling system
also restricts the proliferation of themeiocytes (red
horizontal ‘‘T’’); in dicots, this appears to require
the presence of a functional tapetum. Postmeiotic
development of the tapetum (including eventual
PCD, denoted by yellow starburst) requires the
synthesis of MTR1 by the microspores in mono-
cots (rice); an equivalent ‘‘signal’’ has not been
found in dicots. Likewise, signals between the
generative cell (GC) and the vegetative cell (VC)
and its nucleus (VN), because they follow very
divergent developmental pathways, have yet to be
identified.
(B) Phases of interaction between the female
reproductive lineage and its surrounding cells.
Reproductive transition in dicots is effected by
SPL, but the stimulus is unknown for monocots. As
in male cells, a signal peptide (TPD1) from the
megaspore mother cell seems to stimulate the
proliferation (blue double-headed arrows) of dicot
nucellar cells in a pathway involving EMS1; in
monocots MAC1 (maize) and TDL1a (rice) fulfill
a similar role, also restricting the proliferation of the
female cell line (red horizontal ‘‘T’’). Argonaute
proteins expressed in thehelper cells of bothdicots
and monocots (AGO104 in monocots [maize] and
AGO9 in dicots) may generate silencing siRNAs
that act on TEs in the reproductive cells. In both
dicots and monocots, egg-generated signals
determine cell fate in accessory cells of the embryo
sac. In monocots, EAL1 (maize) is secreted from
the chalazal face of the egg (EC) and determines
central (CC) and antipodal (A) cell fates. LIS and
CLO expressed in the egg of dicots are part of
a signaling pathway responsible for fate specifi-
cation of the synergid (SY), central, and antipodal
cells. (Later interactions are shown in Figure 4.)
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Alandete-Saez, 2010) and pollen development requiring defined
phases of tapetal activity (Xu et al., 2010). In young Arabidopsis
ovules, distal auxin maxima result in a gradient across the linear
tetrad of megaspores generated by the meiotic divisions. This
gradient later plays a key part in the establishment of cell fate
in the embryo sac, but it is currently unclear whether it plays
an additional role in determining the polarity within the mega-
spores that, in many plants, results in the degeneration of three
megaspores and the survival of a single viable cell at the distal
pole of the tetrad. All meiotic products survive in the compact
tetrads of microspores in the anther, and coordinated develop-
ment between the microspores and tapetum result in the forma-
tion of themultilayered pollen wall. This wall, which contains high
levels of the highly resistant polymer sporopollenin, is patterned
by the microspore, but the majority of the materials used in its
formation are tapetally synthesized. A number of key geneshave been identified in Arabidopsis and rice regulating these
events (Li et al., 2011; Xu et al., 2010; reviewed in Wilson and
Zhang, 2009), but developmental signals between tapetal cells
and microspores have yet to be identified. In rice, however, the
fasciclin glycoprotein protein MTR1 is secreted by the young
microspores and has been proposed to interact with proteins
on the surface of tapetum and regulate tapetal development
(Tan et al., 2012) (Figure 3A). In the mtr1 mutant, tapetal pro-
grammed cell death (PCD) is delayed with defective sporopol-
lenin deposition, and the microspores become detached from
the tapetal inner surface, fail to undergo pollen mitosis 1 and 2,
and eventually degenerate (Tan et al., 2012). How MTR1
‘‘signaling’’ works is unclear; certainly, it is secreted from the
microspore cytoplasm and becomes localized in the extracel-
lular matrix, but there is no evidence that it is taken up by the
tapetum or binds to the tapetal plasma membrane. Any hypoth-
esis involving bridging between the microspore and tapetumDevelopmental Cell 24, February 11, 2013 ª2013 Elsevier Inc. 219
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complex pollen wall and the expanded tapetal boundary. Fasci-
clins are commonly adhesion proteins, and MTR1 may serve to
adhere the outer face of the young pollen wall to the tapetal
cell surface—promoting downstream interactions required for
successful development of both cell populations.
Crosstalk between Cells of the Gametophyte
The two sperm cells—themale gametes of flowering plants—are
formed as a result of pollen mitosis 1 and 2, which also give rise
to the single vegetative cell (see Box 1, Figure 1). The vegetative
cell does not undergo further divisions, and its nucleus appears
expanded and diffuse. Pharmacological treatments (Zaki and
Dickinson, 1995) and genetic studies (Borg et al., 2009) indicate
that division asymmetry at pollen mitosis 1, which requires
a specialized cytoskeleton, is essential for correct development
of both cell types. The subsequent development of the genera-
tive cell—the true male germline of flowering plans—is regulated
by a complex gene network, largely orchestrated by the MYB
transcription factor DUO POLLEN 1 (DUO1) (Berger and Twell,
2011). Experiments in which symmetrical division of the micro-
spore was artificially induced resulted in two cells with vegetative
cell fates, indicating these to be the default developmental states
of these cells (Borg et al., 2009; Eady et al., 1995). Although the
role of DUO1 in activating gamete-specific sequences and the
part played by a second but interlinked process in promoting
generative cell proliferation (Kim et al., 2008) is well understood,
there is as yet no evidence of direct signaling between the vege-
tative and the generative cell (and its products, the sperms) after
pollen mitosis 1 (Figure 3A), save for the potential epigenetic
programming of the gametic genomes by the vegetative cell
(see below).
Once formed, the sperms and vegetative cell become colocal-
ized within the mature pollen grain, forming what is termed the
male germ unit (MGU); the nature of this association appears
to vary between species, but in members of the Brassicas,
including Arabidopsis, this involves close physical association
between the sperms and an extension of the vegetative cell.
The elements of the MGU are in close contact, but unambiguous
evidence of cytoplasmic continuity between them has yet to be
demonstrated (McCue et al., 2011).
Events in the developing pollen contrast dramatically with
female development, in which interaction between cells of the
embryo sac is key to their fates. After degeneration of three of
the four megaspores, the surviving cell expands and, in Arabi-
dopsis, rice, and maize, the haploid nucleus divides three times
from a syncitium of eight nuclei, four loosely located at the prox-
imal pole of the developing embryo sac and four at the distal pole
(see Figure 1, Box 1). There is evidence from species other than
Arabidopsis that full cellularization may not take place in young
embryo sacs; for example, in Torenia fournieri, the cytoplasms
of these ‘‘cells’’ have been shown to be interlinked by a network
of connections (Han et al., 2000). An auxin maximum is already
established in the nucellus at the distal end of the very young ov-
ule, and Pagnussat et al. (2009) have shown that the haploid
nuclei within the syncitium acquire different developmental fates
depending on the concentration of auxin surrounding them. A
model has been proposed in which auxin acts as a morphogen
gradient by which nuclei exposed to the highest levels of auxin220 Developmental Cell 24, February 11, 2013 ª2013 Elsevier Inc.cellularize and differentiate into synergids and eggs, whereas
those experiencing low auxin concentratation follow an antip-
odal fate. Median auxin levels are proposed to be required for
correct central cell development and the positioning of the polar
nuclei (Pagnussat et al., 2009).
Data from Arabidopsis and more recently from maize have re-
vealed a further network of intercellular signaling within the
developing embryo sac and highlight the central role played by
the egg cell in cell fate maintenance (Figure 3B). Mutations of
Arabidopsis LACHESIS (LIS), which is homologous to a yeast
pre-mRNA splicing factor, exert a profound effect on cell fates
in the embryo sac, with supernumerary egg cells forming as
a result of misspecification of both synergids and the central
cell and antipodal cells acquiring central cell fates (Gross-Hardt
et al., 2007). LIS is expressed predominantly in the egg and
central cell in mature embryo sac after cellularization and is
proposed to be required for the generation of a signaling factor
that first inhibits egg and central cell fates laterally in the acces-
sory cells and subsequently acts to suppress egg cell fate in the
central cell (Gross-Hardt et al., 2007). When LIS transcript was
reduced specifically in the egg cell, all other gametophytic cells
were disrupted in development and exhibited lack of polarity and
egg-like features (Vo¨lz et al., 2012) (Figure 3B). Apart from
revealing that most, if not all, cells of the embryo sac can acquire
gametic fates, these observations indicated that the egg cell fate
is a default condition and that signaling from the egg—in the
context of an appropriate auxin gradient— may play a part in
the maintenance of fates in all other embryo sac cell types. After
this identification of LIS, a further spliceosome component
VAJRA/CLOTHO/GAMETIC FACTOR 1 (VAJ/CLO/GFA1), the
Arabidopsis homolog of yeast Snu114, was shown to colocalize
with LIS in nuclear speckles and to be required for the cell-
specific localization of LIS (Moll et al., 2008). LIS and CLO
proteins are immobile, so the non-cell-autonomous effects of
decreased LIS concentration in the egg must be effected
through a spliceosome-dependent intercellullar signal.
New data from maize also provide evidence for an egg-
synthesized, non-cell-autonomous signal that has a direct effect
on gene expression and development of embryo sac cells,
particularly the antipodals (Krohn et al., 2012) (Figure 3B). The
Zea mays EA1-like 1 (ZmEAL1) gene, which encodes an EA1
box peptide (Ma´rton et al., 2005), is expressed in an auxin-inde-
pendent manner, initially at the micropylar (distal) pole of the
young embryo sac but later becoming restricted first to the
egg and central cells and eventually to the egg only—reminiscent
of LIS in Arabidopsis (Vo¨lz et al., 2012). Adopting an RNAi
strategy, Krohn et al. (2012) constitutively expressed a ZmEAL1
hairpin construct in maize and showed that while transgenic
embryo sacs were fertile with a normal ‘‘egg apparatus’’
(synergid and egg cells), they could also contain up to three
supernumerary central cells formed at the proximal pole of the
embryo sac—resulting from the misspecification of antipodal
cells. This impact of the ZmEAL1 peptide on antipodal develop-
ment was further highlighted by analyzing the expression levels
of intermediate gametophyte 1, an antipodal-specific gene,
and showing strikingly reduced transcript levels in the ZmEAL1
knockdown lines. The ZmEAL1 protein is secreted from the
chalazal (proximal)-facing surface of the egg cell, suggesting
that it acts non-cell-autonomously to regulate development
Figure 4. Epigenetic Interaction between the Male and Female Germlines and Their Companion Cells
siRNAs generated by companion cell ‘‘reprogramming’’ reinforce germline TE silencing via RNA-dependent DNA methylation (RdDM).
Left: putative transfer of silencing siRNAs (red arrows) between the vegetative cell (VC) and the germline in the pollen (GC, generative cell; SC, sperm cells) (top)
and the central (CC) and egg cell (EC) (bottom); legend is the same as in Figure 3.
Middle and right: a common scenario shared by male and female gametophytes of Arabidopsis thaliana involving at least two mechanisms forming siRNAs in the
companion cells: (1) chromatin decondensation and reconfiguration (‘‘euchromatinization’’) and (2) active DNA demethylation by DME. Two examples of small
TEs localized at different regions of a chromosome are illustrated to distinguish the primary targets of these twomechanisms: a euchromatic TE (eTE, orange) and
a heterochromatic TE (hTE, red). During gametogenesis, chromatin in the companion cells (CC in the embryo sac and the VC of the pollen) acquires a more open
and accessible state via ‘‘euchromatinization,’’ allowing access of RdDM machinery such as PolIV and the subsequent synthesis of siRNAs from both eTEs and
hTEs. Further, as eTEs are more ‘‘exposed’’ than hTEs, they can become targets for demethylation DME. siRNAs produced mostly from demethylated eTEs and
euchromatinized hTEs then move into the germline (GC and SC of the pollen or the EC in the embryo sac) to methylate homologous TEs via the RdDM pathway.
This RdD-induced hypermethylation reinforces innate TE silencing mechanisms already operating in the germline such as DNA methylation maintenance
pathways and chromatin condensation.
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larly the antipoidal cells. Interestingly, EAL1-like genes are not
present in dicots such as Arabidopsis, indicating either that
this role is assumed by other genes or that its presence is unnec-
essary—perhaps because in dicots, antipodal cells degenerate
rather than proliferate. However, the evidence from lis (Gross-
Hardt et al., 2007; Vo¨lz et al., 2012) and clo (Moll et al., 2008)
mutants demonstrates that, like those of maize, Arabidopsis
antipodal cells can also assume central cell fates. Whatever
the roles of individual genes, and differences betweenmonocots
and dicots, these data taken together show that, after initial
patterning of the embryo sac by auxin, the egg cell, through
lateral inhibition, plays a central and auxin-independent role in
cell fate determination (Figure 3B).
Epigenetic Programming of the Germline by Companion
Cells
Communication between cells of both male and female gameto-
phytes is also apparently important for preserving the integrity of
gametic chromosomes by reinforcing the silencing of TEs in
sperm and egg nuclei (Figure 4). Slotkin et al. (2009) discovered
a number of TEs to be activated in the Arabidopsis vegetative
cell, with the concomitant accumulation of corresponding siRNA
molecules in sperm, in which these TEs are not expressed.
These authors also showed that vegetative cell-expressed artifi-
cial microRNA molecules, which are generated by a pathway
similar to that producing siRNAs, can mediate gene silencing in
the germline. These observations therefore suggested thatsiRNAs generated from TEs activated in the vegetative cell are
transferred to the germline, where they mediate TE silencing.
Later studies showed that DEMETER (DME), a glycosylase that
demethylates DNA by excising 5-methylcytosine, is expressed
in the vegetative cell (Schoft et al., 2011) and demonstrated
DME-dependent demethylation of thousands of TEs in the vege-
tative but not the sperm cell, providing a plausiblemechanism for
vegetative cell TE activation (Calarco et al., 2012; Ibarra et al.,
2012). Furthermore, it was demonstrated that those TEs deme-
thylated in the vegetative cell showed enhanced RdDM in the
sperm and that this process required DME, further supporting
the hypothesis that TEs activated in the vegetative cell generate
mobile siRNA that reinforces the methylation and silencing of
cognate sperm TEs (Ibarra et al., 2012). This hypothesis is
consistent with the known ability of small RNAs tomove between
plant cells (reviewed in Chuck andO’Connor, 2010;Melnyk et al.,
2011), although determining how the siRNAs are transported and
at what developmental stage this occurs remains a challenge for
future study.
An analogous communication process may also take place
between the central cell and the egg (Figure 4). DME was origi-
nally identified as a gene required for endosperm development
that is highly expressed in the central cell prior to fertilization. Hy-
pomethylation of two genes has been shown in the maize central
cell (Gutie´rrez-Marcos et al., 2006; Jahnke and Scholten, 2009),
but analysis of DNA methylation in Arabidopsis central and egg
cells has not yet been possible. Instead, DME-catalyzed deme-
thylation in the central cell has been inferred by comparingDevelopmental Cell 24, February 11, 2013 ª2013 Elsevier Inc. 221
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Reviewmethylation between endosperm and embryo inArabidopsis and
rice (Gehring et al., 2009; Hsieh et al., 2009; Zemach et al., 2010)
and between endosperm chromosomes inherited from either the
central cell or the sperm in hybrid Arabidopsis seeds in which
sequence polymorphisms can be used to deduce the parent of
origin (Ibarra et al., 2012). These studies have demonstrated
extensive demethylation in Arabidopsis and rice endosperm,
which in Arabidopsis is confined to the chromosomes derived
from the central cell and absolutely requires DME, but whether
the same is true in other plants is currently unknown (Ibarra
et al., 2012).
Because DNAmethylation has not been extensively examined
in the female gametes, the observed maternal endosperm de-
methylation could, in theory, occur after fertilization, and there
is some precedent for this in maize (Gutie´rrez-Marcos et al.,
2006; Jahnke and Scholten, 2009). However, extensive postfer-
tilization maternal demethylation is unlikely for a number of
reasons. First, reporter constructs for genes that undergo
DME-mediated demethylation are expressed in wild-type, but
not in dme mutant central cells (Choi et al., 2002; Jullien et al.,
2006; Kinoshita et al., 2004), indicating that DME-mediated de-
methylation precedes fertilization. Second, loci inherited from
the central cell would have to be marked in some unknown
way for demethylation to specifically effect maternal sequences
after fertilization. Finally, about half of the demethylated Arabi-
dopsis sequences overlap DME targets in the vegetative cell,
strongly arguing that the demethylation processes in male and
female companion cells share a similar mechanism and biolog-
ical function. In support of the latter, a central cell-expressed
artificial microRNA can mediate gene silencing in the egg, anal-
ogously to the situation in pollen (Ibarra et al., 2012).
DME preferentially demethylates small, relatively euchromatic
TEs (Ibarra et al., 2012), suggesting that DNA demethylation is
also facilitated and perhaps triggered by the chromatin changes
that take place in companion cells. Female and male companion
cell chromatin is largely decondensed in comparison to the
gametes (Baroux et al., 2011; Ingouff et al., 2007; Pillot et al.,
2010; Schoft et al., 2009). In Arabidopsis, the egg cell is enriched
in heterochromatin-associated histone modifications such as di-
methylation of lysine 9 of histone H3 (H3K9me2), whereas the
central cell chromatin is depleted of H3K9me2 and decon-
densed at pericentromeric regions (Ingouff et al., 2007; Pillot
et al., 2010). Similarly, the Arabidopsis vegetative nucleus
features decondensed centromeric heterochromatin (Ingouff
et al., 2007; Schoft et al., 2009), depletion of H3K9me2 (Schoft
et al., 2009), and enrichment in transcriptionally permissive
H3K4me2/3 and H3K36me3 (Cartagena et al., 2008). Consistent
with the diffused state of vegetative cell chromatin, linker H1 was
observed to be gradually excluded from the lily vegetative cell
during pollenmitoses (Tanaka et al., 1998). Companion cell chro-
matin thus appears to be more accessible and effectively ‘‘eu-
chromatinized’’ (Figure 4).
The hypothesis that chromatin influences the activity of DME is
supported by the finding that a histone chaperone is required for
DME-mediated DNA demethylation (Ikeda et al., 2011) and by
the requirement of histone acetylation for efficient activity of
a related glycosylase (ROS1) (Li et al., 2012; Qian et al., 2012).
Chromatin euchromatinization in the companion cells may thus
allow access by the RdDMmachinery to highly heterochromatic222 Developmental Cell 24, February 11, 2013 ª2013 Elsevier Inc.TEs and render smaller TEs sufficiently euchromatic to be suit-
able DME substrates (Figure 4). The overlapping but distinct de-
methylation patterns in central and vegetative cells potentially
reflect the different chromatin architectures of the two
companion cells.
The enhanced CHH methylation of sperm TEs potentially
enabled by DME demethylation in the vegetative cell implies
the activity of 24 nt siRNAs and the RdDM pathway (Law and Ja-
cobsen, 2010). However, the situation is likely to bemore compli-
cated, because 21 nt siRNA and AGO5 (an AGO1/10 homolog
preferentially expressed in sperm) have been proposed to
mediate TE silencing in pollen (Borges et al., 2011; Slotkin
et al., 2009). Twenty-one nucleotide siRNAs and AGO1 are
primarily involved in posttranscriptional silencing via sequence-
specific RNA degradation (Brodersen and Voinnet, 2006),
implying that 21 nt siRNAs imported from companion cells might
destroy TE transcripts in the germline (Bourc’his and Voinnet,
2010). However, it is also possible that the 21 nt siRNAs direct
DNA methylation. Mutation of DICER-LIKE 3 (DCL3), which
produces 24 nt siRNAs (Law and Jacobsen, 2010), has a weaker
effect on DNA methylation than mutations of other genes
involved in the siRNA biogenesis branch of RdDM, and
sequences that normally produce 24 nt siRNAs are associated
with 21 to 23 nt siRNAs in dcl3 mutants (Chan et al., 2004; Xie
et al., 2004). Thus, RdDM in gametes may be mediated by
siRNAs of different sizes.
The Pivotal Roles of Helper Cells in Flowering Plant
Reproduction
Although flowering plant reproductive cells do not persist as
a germline throughout the life history of the organism, as is the
case in animals (Dickinson and Grant-Downton, 2009), their
development extends from late in the sporophytic generation
and throughout gametophytic generation. During this develop-
mental journey, they are accompanied by different populations
of helper cells. The relationship between these largely somatic
helper cells and the reproductive lineages is highly complex
and far from a one-way provision of resources.
Early interactions that determine the number and fates of the
cells destined to form gametophytes and their supporting cells
involve gene networks also occurring elsewhere in plant devel-
opment. For example, LRR kinase complexes play a central
role in the development of stomatal patterning (Shpak et al.,
2005;Wang et al., 2007), which, in commonwith anther develop-
ment, requires precise regulation of cell number and fate. Many
early interactions involve siRNAs and seemingly result in the non-
cell-autonomous silencing of reproductive cell TEs. That TE acti-
vation alone can result in the severe developmental phenotypes
seen in the ago9 mutants is surprising, suggesting that other
levels of gene regulation may be affected by chromatin disrup-
tion in these mutants.
Fate specification within the reduced gametophytes of flower-
ing plants is also dependent on intercellular signaling. In embryo
sacs, the egg, once specified via a hormone gradient, assumes
a dominant role and generates signals that determine the fates of
its neighbors. Relationships are less clear for male cells;
certainly, after pollen mitosis 1, the generative and vegetative
cells follow radically different fates and although something is
known of the gene pathways involved, the possibility remains
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sion, like the egg cell, may act to determine the fate of the neigh-
boring vegetative cell.
Once cell fates are specified within the gametophytes, the
current data suggest that ‘‘information flow’’ reverses with the
companion cells of the pollen and embryo sac acting to silence
TEs in the germ cells. Presumably, this would act to reinforce
the default systems that repress TE activity in somatic cells,
perhaps because of an increased requirement for genome integ-
rity in the gametes caused by the gametic chromatin being differ-
ently packed from that of somatic cells. Alternatively, companion
cell siRNAs might play roles wider than in TE silencing, poten-
tially including chromatin remodelling. The gametophytic
generation is a unique feature of the plant life cycle, and using
gametophytic companion cells as sources of siRNAs for these
activities ensures the effectiveness of homology-based TE
methylation, because companion cells are mitotic siblings of
the germ cells with identical DNA content. Furthermore,
companion cell DNA does not contribute to the zygotic genome,
and therefore reactivation of companion cell TEs does not risk
the genome fidelity of the next generation. Together with its vital
biological function to facilitate fertilization and promote postfer-
tilization development with reduced dependence on water, the
ability of the gametophyte to protect the integrity of the zygotic
genome has probably contributed to the maintenance of this
distinct ‘‘generation’’ during angiosperm evolution.
Importantly, the supporting roles of the male and female
companion cells do not end with gamete maturation. After pollen
germination on the stigma surface, the male vegetative cell
differentiates into the pollen tube that delivers the sperm to the
ovule, whereas, after fertilization, the female central cell forms
the basis of the triploid endosperm, which supports the devel-
oping next generation (Costa et al., 2004).
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